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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  An  ultracapacitor  based  on  carbon 
electrodes  and  sodium  sulfate  elec¬ 
trolyte  was  tested  in  the  voltage 
range  0-1.8  V. 

►  The  UCap  exhibited  good  capaci¬ 
tance,  high  specific  energy  and 
excellent  cycling  stability. 

►  The  UCap  had  specific  energy 
(17.5  Wh  kg-1)  remarkably  higher 
than  similar  UCaps  reported  in 
literature. 
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An  ultracapacitor  (UCap)  based  on  carbon  xerogel  electrodes  and  sodium  sulfate  electrolyte  was  inves¬ 
tigated  in  the  voltage  range  between  0  and  1.8  V.  Notwithstanding  the  high  value  of  maximum  voltage 
(1.8  V)  the  UCap  exhibited  excellent  stability  during  20000  of  cycling  test.  Moreover,  the  achievement  of 
this  high  voltage  made  possible  to  obtain  high  value  of  specific  energy.  The  stability  was  possible  because 
the  potential  limits  of  electrode-electrolyte  decomposition  at  positive  and  negative  electrodes  were 
never  achieved.  This  is  because  an  asymmetric  UCap  with  different  amounts  of  carbon  xerogel  in  the 
electrodes  was  used.  The  UCap  with  the  carbon  xerogel  of  BET  specific  surface  area  of  3100  m2  g-1 
demonstrated  a  specific  energy  of  17.5  Wh  kg-1  and  a  specific  capacitance  of  156  F  g-1  and,  retained  91% 
of  initial  capacitance  after  20000  cycles  of  duration  test. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Ultracapacitors  (UCaps)  based  on  electrochemical  double  layer 
capacitance  (EDLC)  are  electrical  energy  storage  devices  releasing 
energy  in  faster  way  than  rechargeable  batteries  and  fuel  cells.  This 
is  because  the  capacitance  is  ruled  by  a  fast  physical  process  of 
charge-separation  at  the  electrode-electrolyte  interface  [1,  2]. 
Furthermore,  UCaps  show  some  other  advantages  over  more 
traditional  energy  storage  devices  such  as  high  power  rate,  lower 
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cost,  major  safety  and  durability,  as  well  as  the  possibility  to  make 
maintenance-free  flexible  packaging  [3].  Unfortunately  the  low 
specific  energy  demonstrated  from  these  devices,  that  notwith¬ 
standing  is  higher  than  traditional  capacitors,  remains  much  lower 
than  batteries  or  even  fuel  cells  [4]  and  is  the  main  drawback  that 
limits  their  application  on  large  scale.  Due  to  these  reasons  UCaps 
are  not  frequently  used  alone  [3,  5, 6]  but  usually  together  with  the 
aforementioned  devices  which  can  release  larger  amounts  of 
electric  energy  [7-10].  However,  UCaps  are  ideal  devices  for  those 
applications  requiring  high  power  for  short  times,  short  load  cycles 
and  high  reliability  requirement,  such  as  load  cranes,  forklifts, 
emergency  doors,  emergency  valves,  and  for  boosting  and 
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regenerative  braking  of  electric  vehicles  [11  ].  Due  to  their  high  rate 
of  storing  and  releasing  energy  they  are  applied  as  power  leveling 
for  electric  grid-connected  utilities  and  for  factory  power  backup. 
With  a  bank  of  UCaps,  for  example,  it  is  possible  to  bridge  the  short 
time  duration  between  the  power  failure  and  the  startup  of  backup 
power  generators.  Therefore,  there  is  a  strong  interest  worldwide 
on  improvement  of  performance  of  UCaps  and  especially  on 
increasing  of  the  specific  energy  of  UCaps  to  a  level  comparable 
with  secondary  batteries.  A  high  energy  can  be  achieved  by  (i) 
finding  a  breakthrough  active  material  for  the  electrodes,  (ii)  by 
finding  electrolytes  of  high  conductivity  and  wide  voltage  window, 
or  (iii)  by  optimizing  the  UCap  configuration.  There  are  already 
works  reported  in  the  current  literature  regarding  to  the  optimized 
properties  of  carbon  materials  used  in  EDLC  [12,13]  or  the  use  of 
other  kind  of  materials  such  as  metal  oxides  and  conducting 
polymers  [14,15].  It  seems  difficult  to  improve  these  materials 
characteristics  to  reach  the  targets  fixed.  On  the  other  hand,  there 
are  some  works  regarding  to  the  use  of  organic  and  ionic  liquid 
electrolytes  in  order  to  increase  the  specific  energy  of  UCaps  [16], 
but  often  they  are  far  from  the  prefixed  objectives  because  of 
environmental  problems,  degradability  or  high  costs  associated.  It 
seems  that  the  strategic  way  to  increase  the  performance  and  the 
practical  acceptability  of  UCaps  is  to  find  optimal  active  material,  to 
use  friendly  electrolytes  and  to  find  a  convenient  configuration. 
Recently,  Fic  et  al.  found  very  interesting  results  in  neutral  elec¬ 
trolyte  obtaining  stable  performance  in  a  UCap  with  lithium  sulfate 
electrolyte  and  carbon  based  electrodes  [17].  Their  UCap  was  made 
to  work  in  a  wide  voltage  range,  i.e.  even  2.2  V,  without  any 
significant  capacitance  fade  during  15000  cycles. 

The  present  work  reports  results  obtained  from  UCap  with 
electrodes  containing  carbon  xerogel  tested  with  sodium  sulfate 
electrolyte.  This  work  has  as  principal  aim  to  fill  the  gap  of  infor¬ 
mation  on  high  voltage  UCap  with  sodium  sulfate  electrolyte  that  is 
a  low  cost  and  eco-friendly  material.  Then  it  may  be  considered 
complimentary  to  that  of  Fic  et  al.  who  have  deeply  studied  the 
device  in  lithium  sulfate  electrolyte  but  gave  a  few  information  on 
UCap  with  sodium  sulfate  and  potassium  sulfate.  In  fact,  stable 
capacitance  values  of  75  and  50  F  g_1  were  clearly  reported  for  the 
UCaps  with  sodium  sulfate  and  potassium  sulfate,  respectively,  as 
obtained  from  charge-discharge  test  while  remained  unclear  the 
voltage  range  in  which  these  values  were  obtained  and  the  number 
of  cycles  carried  out  during  the  test. 

It  is  well  known  that  the  capacitance  of  UCaps  increases  with  the 
effective  specific  surface  area  of  the  electrodes  wetted  with  the 
electrolyte  and  decreases  with  the  thickness  of  the  formed  double 
layer.  Therefore,  the  use  of  highly  porous  carbon  materials  of  high 
surface  area  is  a  significant  factor  strongly  desiderated  for  obtaining 
high  capacitance  values  [18-21]  as  well  as  thinner  double  layers. 
Thinner  double  layers  would  mean  that  a  larger  amount  of  smaller 
pores  of  material  could  be  occupied  by  the  electrolyte  for  the 
capacitive  process.  However,  it  is  clear  that  is  not  possible  to 
increase  the  specific  surface  area  of  carbon  materials  without 
a  limit  and  the  thickness  of  double  layer  is  a  characteristic  of  the 
specific  electrolyte  and  solvent  used. 

It  is  also  known  that  the  energy  of  UCap  increases  by  increasing 
the  capacitance  (C)  and  even  more  by  increasing  the  maximum 
voltage  (V)  of  operation  of  device,  according  to  equation: 

Emax  =  1/2CV2. 

Therefore,  it  is  evident  that  once  the  material  has  a  considerable 
specific  surface  area  it  is  possible  to  increase  the  energy  of  the  UCap 
by  regulating  the  maximum  voltage  up  to  values  at  which  the 
electrode-electrolyte  couples  still  maintain  their  stability. 

In  the  present  work,  it  has  to  be  taken  into  account  that  the 
electrochemical  performance  of  aqueous  UCaps  is  usually  limited 


by  the  irreversible  electrochemical  processes  occurring  at  poten¬ 
tials  above  0.95  V  for  the  positive  electrode  and  below  -1,0  V  for 
the  negative  electrode  in  neutral  electrolyte  [12].  These  limits  were 
confirmed  in  this  study  with  the  carbon  xerogel-based  electrodes  in 
sodium  sulfate  electrolyte  through  electrochemical  tests  carried 
out  in  three-electrode  test  cell. 

Taking  into  account  this  consideration,  an  UCap  in  asymmetric 
configuration  has  been  designed,  that  contained  electrodes  with 
different  carbon  loadings  in  order  to  avoid  that  the  potentials  of 
single  electrodes  overcame  the  own  electrochemical  limit  of 
stability.  In  the  present  paper  the  results  obtained  by  the  asym¬ 
metric  UCap  will  be  reported  and  discussed  and  indication  on  the 
more  appropriate  loading  of  carbon  for  the  positive  and  negative 
electrodes  will  be  given. 

2.  Experimental 

2.1.  Preparation  of  carbon  xerogel 

The  active  material  (i.e.,  carbon-xerogel)  was  synthesized  by 
controlled  polymerization  of  resorcinol  and  formaldehyde  using 
microwaves  for  the  polymerization,  curing  and  drying  steps.  The 
variation  of  the  pH  in  the  precursor  solution  allows  controlling  the 
porosity  of  the  final  carbon  [22].  In  this  case,  a  pH  of  6.5  was  used  in 
order  to  create  mesopores  of  narrow  size.  The  specific  surface  area 
of  the  resultant  material  was  measured  by  application  of  the  BET 
equation  to  the  adsorption— desorption  N2  isotherms  at  -196  °C, 
resulting  in  3100  m2  g-1.  The  material  is  practically  pure  carbon 
(>95  wt%  C)  with  some  H  and  O  content  (c.a.  1  and  3  wt%, 
respectively). 

2.2.  Preparation  of  electrodes 

The  electrodes  were  prepared  by  spreading  a  slurry  of  carbon 
xerogel,  polymer  binder  (PVDF)  and  dimethylacetamide  on  a  sup¬ 
porting  titanium  net  disk  (<p  =  1.5  cm).  The  binder  and  the  titanium 
net  (200  mesh)  gave  optimal  mechanical  properties  to  the  active 
layer  when  the  composition  was  90  wt%  of  carbon  and  10  wt%  of 
binder.  A  carbon  loading  of  8.65  mg  cm  was  used  for  studying  both 
positive  and  negative  electrodes  in  three-electrode  test  cell.  On  the 
other  side,  in  the  two-electrode  test  cell  a  load  of  9.07  mg  cm  of 
carbon  in  positive  electrode  and  of  4.13  mg  cm  in  negative  electrode 
were  used.  Thus,  the  ratio  of  carbon  loading  between  positive  and 
negative  electrode  was  2.13  and  this  allowed  the  UCap  to  work  up 
to  1.8  V  of  maximum  potential  without  the  appearance  of  any 
electrochemical  decomposition  process. 

2.3.  Electrochemical  characterization 

Active  electrode  materials  were  characterized  in  both  two  and 
three-electrode  test-cells.  The  latter  allows  to  identify  the  limits  of 
potential  of  positive  and  negative  electrodes,  beyond  which  the 
electrodes  and  electrolyte  became  unstable.  On  the  other  hand,  the 
use  of  the  two-electrode  test  cell  (single  cell)  allowed  to  investigate 
the  electrochemical  performance  of  full  device  in  the  real  operative 
condition. 

In  all  the  electrochemical  tests  an  1  M  Na2S04  aqueous  solution 
was  used  as  electrolyte.  The  limits  of  stability  of  the  single  elec¬ 
trodes  were  determined  in  the  three-electrode  cell  through  cyclic 
voltammetry  (CV)  and  galvanostatic  charge-discharge  (GCD) 
measurements  carried  out  at  voltage  sweep  rate  (vsr)  of  10  mV  s-1 
and  current  density  of  10  mA  cm-2,  respectively.  The  endurance 
test  was  carried  out  in  two-electrode  test  cell  by  a  large  number  of 
repeated  cycles  conducted  in  cyclic  voltammetry  mode  in  the 
voltage  window  between  0  V  and  1.8  V  and  at  the  vsr  of  30  mV  s-1 
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while  a  few  of  cycles  of  CVs  carried  out  at  the  beginning  and  at  the 
end  of  the  cycling  test  were  made  at  the  vsr  of  20  mV  s_1.  The  latter 
cycles  were  made  to  evidence  the  modifications  of  UCap  and 
electrodes  performances  caused  by  the  20000  cycles  test. 

The  two-electrode  test-cell  was  equipped  with  a  supplementary 
saturated  calomel  electrode  (SCE)  that  allowed  to  separately 
determine  the  potentials  of  positive  and  negative  electrodes.  Fig.  1 
shows  a  schematic  view  of  the  two-electrode  test-cell. 


3.  Results  and  discussion 

The  cyclic  voltammograms  of  Fig.  2  obtained  from  the  test 
carried  out  at  different  extension  of  voltage  windows  evidence  the 
electrochemical  stability  limits  of  positive  (right  side  of  figure)  and 
negative  (left  side  of  figure)  electrodes.  From  the  figure  it  is  possible 
to  affirm  that  the  positive  electrode  is  stable  in  the  increasing 
electrode  potential  windows  up  to  the  maximum  potential  of  about 
0.95  V.  Above  this  potential  a  pronounced  current  peak  appears.  For 
the  negative  electrode,  evident  effects  of  electrochemical  decom¬ 
position  are  not  present  also  in  the  maximum  investigated  voltage 
window  between  0.135  V  and  -0.960  V. 

The  confirmation  of  the  range  of  potential  within  which  positive 
and  negative  electrodes  maintain  their  stability  was  obtained  by 
calculating  the  coulomb  efficiency  from  the  data  obtained  by  the 
galvanostatic  charge-discharge  test.  The  curves  obtained  from  the 
GCD  test  is  reported  in  the  Fig.  3  and  the  coulombic  efficiencies  and 
specific  capacitances  referred  to  the  different  investigated  ranges  of 
potential  in  Table  1. 

From  these  tests  it  was  evidenced  that  at  potentials  >1.0  V 
a  decomposition  process  on  the  positive  electrode  occurs,  that  is 
displayed  by  the  shape  of  CV  and  GCD  curves  and  is  confirmed  by 
the  low  coulombic  efficiency  (CE)  obtained  by  the  galvanostatic 
charge-discharge  measurements.  The  value  of  CE  was  simply 
calculated  as  ratio  between  the  released  charge  (Qd)  and  the  stored 
charge  (Qc)  x  100.  A  low  value  of  CE  suggests  that  charges  stored 
during  the  charging  process  are  used  for  some  irreversible  elec¬ 
trochemical  process  and  then  not  more  released  during  the  dis¬ 
charging  process. 


Fig.  1.  Schematic  view  of  uitracapacitor  test  cell.  1,  2  -  Electrochemical  instruments; 
3  -  External  current  collectors;  4  -  Electrodes;  5  -  Separator  with  electrolyte;  6  - 
Insulating  gasket;  7  -  Reference  electrode. 


Electrode  potential  /  V  (vs  NHE) 

Fig.  2.  Cyclic  voltammograms  of  positive  and  negative  electrodes  from  three-electrode 
test-cell.  V.s.r.:  10  mV  s_1. 


In  Table  1,  the  coulombic  efficiencies  and  the  specific  capaci¬ 
tances  of  the  single  electrodes  as  obtained  from  the  three-electrode 
test-cell  are  reported.  It  is  evident  from  the  data  that  the  positive 
electrode  working  in  the  range  of  potential  0-0.9  V  is  still  stable 
(CE  =  93%)  while  in  the  range  0-1  V  the  stability  drops  down 
(CE  =  78  %).  The  specific  capacitances  reported  in  Table  1  were 
calculated  from  the  discharge  branches  of  GCD  measurements 
considering  the  weights  of  carbon  in  the  electrodes. 

It  is  well  known  that  in  a  symmetric  carbon-based  ultra¬ 
capacitor,  i.e.  an  UCaps  with  the  same  carbon  loading  in  positive 
and  negative  electrodes,  that  uses  sodium  sulfate  electrolyte,  it  is 
the  positive  electrode  that  limits  the  stability  of  the  full  device  [12]. 
This  is  because  this  electrode  first  reaches  the  potential  of  insta¬ 
bility  for  two  reasons:  1 )  the  polarization  of  the  positive  electrode  is 
faster  than  that  of  the  negative  electrode;  2)  the  E0v  potential  (i.e. 
the  potential  of  electrodes  when  the  UCap  is  completely  dis¬ 
charged)  is  closer  to  the  limit  of  stability  of  the  positive  electrode 
(see  Fig.  4).  The  first  point  is  explained  by  the  higher  sterical 
hindrance  of  hydrated  sulfate  anions  which  accumulate  on  the 
positive  electrode  during  the  charging  phase  respect  to  the  sodium 
cations  which  accumulate  on  the  negative  electrode;  it  is  obvious 
that  if  two  electrodes  have  the  same  surface  available  for  the 
formation  of  the  double  layer  the  polarization  is  faster  for  the 
electrode  than  finds  more  difficulty  to  store  ions  on  its  surface  area. 
The  second  point  is  explained  by  the  fact  that  the  Eov  potential  is 
the  results  of  mixed  potentials  between  positive  and  negative 
electrodes.  It  is  verisimilar,  that  little  amounts  of  oxygen  and 
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Fig.  3.  Galvanostatic  charge-discharge  curves  of  positive  and  negative  electrodes  from 
three-electrode  test-cell.  Current  density:  ±10  mA  cm-2. 
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Table  1 

Coulombic  efficiency  and  specific  capacitance  of  positive  and  negative  electrodes 
obtained  by  GCD  in  the  three-electrode  test-cell. 


Positive  electrode 

Negative  electrode 

Range  of 

Coulombic 

Specific 

Range  of 

Coulombic 

Specific 

potential 

efficiency 

capacitance 

potential 

efficiency 

capacitance 

(V  vs  NHE) 

(%) 

(Fg-1) 

(V  vs  NHE) 

(%) 

(Fg-1) 

0-0.6 

99 

225 

0  -  -0.6 

98 

273 

0-0.7 

97 

232 

0  -  -0.7 

98 

286 

0-0.8 

96 

242 

0  -  -0.8 

97 

296 

0-0.9 

93 

260 

0  -  -0.9 

96 

302 

0-1.0 

78 

(320) 

0-  -1.0 

95 

310 

hydrogen  might  form  at  the  positive  and  negative  electrodes, 
respectively,  during  the  charging  process  remaining  entrapped  in 
the  smaller  pores.  An  electrochemical  equilibrium  forms  at  the 
three  phase  regions  (gas,  electrolyte,  carbon)  of  each  electrode  that 
is  responsible  for  the  voltage  of  the  discharged  UCap  (Eov). 

In  this  work,  we  have  designed  an  UCap  in  asymmetric  config¬ 
uration,  in  which  the  carbon  loading  in  positive  electrode  is  fixed  in 
such  an  amount  that  the  own  polarization  during  UCap  charging  is 
slower  than  that  of  negative  electrode  and,  its  maximum  potential 
reaches  values  lower  than  0.9  V.  This  configuration  of  UCap  was 
electrochemically  investigated  in  a  two-electrode  cell  configuration 
in  which  also  a  reference  electrode  is  connected  (see  Fig.  1).  By 
following  the  potential  of  the  cell  and  those  of  two  electrodes  it  was 
possible  to  determine  the  electrical  features  of  whole  capacitor  and 
to  have  information  on  the  behavior  of  each  electrode. 

Fig.  4  shows  the  voltage  of  full  UCap  that  varies  from  0  to  1.8  V 
and  the  potentials  of  positive  and  negative  electrodes,  which 
remain  within  the  prefixed  limit  of  +0.9  V  and  -1.0  V,  respectively. 
This  result  demonstrates  that  the  UCap  is  working  up  to  1.8  V 
without  appreciable  faradaic  irreversible  processes.  The  stability  of 
the  UCap  that  is  a  main  concern  was  investigated  in  cycling 
charge— discharge  measurement  carried  out  in  CV  mode  in  the 
voltage  range  from  0  to  1.8  V  and  at  voltage  sweep  rate  of  30  mV  s_1. 
After  20000  of  charge-discharge  cycles,  the  UCap  retained  up  to 
91%  of  the  initial  capacitance.  This  result  demonstrates  that  UCap 
can  work  reversibly  until  1.8  V  in  aqueous  sodium  sulfate  electrolyte 
maintaining  almost  stable  performance,  and  with  the  advantage  of 
the  achievement  of  higher  values  of  specific  energy  (E  =  1  /2CV2). 

In  Table  2,  the  results  of  electrochemical  characteristic  of  UCap 
at  the  start  and  after  20000  cycles  are  reported.  The  specific 
capacitance  (Cs)  referred  at  one  single  electrode  after  20000  cycles, 
as  calculated  from  the  equation  Cs  =  4  x  Qjcap.  where  Cucap  is  the 
capacitance  of  complete  UCap  for  the  total  weight  of  carbon  in  the 


Fig.  4.  Gaivanostatic  charge-discharge  curves  of  UCap  and  electrodes.  Current 
density:  2  mA  cm-2.  Electrolyte:  1  M  Na2S04  aqueous  solution. 


Table  2 

Results  of  electrochemical  performances  of  UCap  and  of  single  electrodes  before  and 
after  cycling  test. 


Carbon 

At  the 

After  20000 

loading 

beginning 

cycles 

Supercapacitor 

13.20  mg  cm-2 

Maximum  voltage 

1.8  V 

1.8  V 

Specific  capacitance,  Cs 

156  Fg'1 

143  Fg"1 

Coulombic  efficiency 

94% 

94% 

Equilibrium  potential,  E0v 
Positive  electrode 

9.07  mg  cm  2 

0.210  V 

0.187  V 

Maximum  potential 

0.853  V 

0.945  V 

Maximum  polarization 

0.643  V 

0.758  V 

Specific  capacitance,  CPos 
Negative  electrode 

4.13  mg  cm2 

159  Fg"1 

123.9  Fg"1 

Minimum  potential 

-0.947  V 

-0.855  V 

Maximum  polarization 

1.157  V 

1.042  V 

Specific  capacitance,  CNeg 

186  Fg"1 

197.7  Fg"1 

Note:  all  the  potentials  refer  to  the  NHE. 


electrodes,  decreases  from  156  to  143  Fg-1.  This  is  due  to  the 
decrease  of  the  capacitance  of  the  positive  electrode  that  changes 
from  159  to  123.9  Fg-1.  In  the  same  period,  the  maximum  potential 
of  positive  electrode  increases  from  0.853  V  to  0.945  V  indicating 
that  it  is  now  closer  to  the  potential  at  which  irreversible  reactions 
appear  (1  V).  It  is  worth  to  remark  the  high  cycling  stability  of  UCap 
that  reached  20000  cycles  of  charge-discharge  with  a  limited 
decay.  This  may  be  attributed  to  both  the  high  quality  of  carbon 
xerogel  material  and  the  accurate  control  of  the  range  of  potential 
of  the  positive  electrode.  Previous  results  reported  by  Demarcon- 
nay  [12]  and  Yang  [23]  for  symmetric  UCap,  cycled  between  0  and 
1.6  V  showed  relatively  low  stability  after  10000  and  2000  cycles, 
respectively.  The  specific  energy  of  our  UCap  varied  from  the  initial 
17.5  Wh  kg-1  to  16.1  Wh  kg-1  after  20000  cycles.  Eskusson  [24] 
recently  reported  specific  energy  of  5.7  Wh  kg-1  in  a  6  M  KOH 
aqueous  UCap.  Thus  our  values  are  about  twice  than  those  reported 
in  literature  for  similar  laboratory  UCaps.  The  results  reported  by 
Fic  et  al.  [17]  are  effectively  very  interesting  for  the  maximum 
operational  voltage  obtained  during  experiments,  their  UCap  was 
able  to  operate  up  to  2.2  V,  and  for  the  high  cycling  stability,  15000 
cycles  without  any  significant  capacitance  fade,  nevertheless,  these 
results  were  obtained  with  lithium  sulfate  electrolyte  and  in 
symmetric  ultracapacitor,  whereas  we  obtained  our  results  with 
the  cheaper  and  more  eco-friendly  sodium  sulfate  electrolyte  in  an 
asymmetric  ultracapacitor. 

4.  Conclusions 

An  UCap  in  asymmetric  configuration,  i.e.  with  different  carbon 
loadings  in  the  positive  and  negative  electrodes  was  designed  and 
tested  with  sodium  sulfate  electrolyte.  The  specific  configuration 
made  possible  to  increase  the  voltage  of  operation  upto  1.8  V 
without  the  appearance  of  instability  processes  at  the  electrodes. 
The  Ucap  was  successfully  investigated  for  20000  cycles  obtaining 
at  the  end  of  the  test  a  retention  of  91%  of  the  initial  capacitance 
and  a  specific  energy  of  16.1  Wh  kg-1.  These  results,  besides  the 
point  of  using  low  cost  and  environmental  friendly  materials  (i.e. 
carbon  xerogel  material  and  aqueous  sodium  sulfate  electrolyte)  in 
the  UCap,  make  this  system  very  interesting  if  compared  with  other 
literature  results  obtained  in  similar  devices. 
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